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Lipid Rafts Unite Signaling Cascades
with Clathrin to Regulate BCR Internalization
initiates a cascade of protein tyrosine phosphorylation
events which drives B cells into cycle and increases
expression of cell surface molecules involved in B cell-
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tion and organization of signaling cascades since theySan Francisco, California 94143
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MHC class II molecules to T cells (Lanzavecchia, 1985;University of Maryland
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are observed in clathrin-coated pits and vesicles, impli-
cating the well-characterized, clathrin-mediated path-
way of internalization (Salisbury et al., 1980; GuagliardiSummary
et al., 1990).
The description of numerous B cell lines with defectiveA major function of the B cell is the internalization of
antigen uptake has revealed that BCR signaling andantigen through the BCR for processing and presenta-
subsequent internalization are interrelated. For exam-tion to T cells. While there is evidence suggesting that
ple, B cell lines that are deficient in the expression of thelipid raft signaling may regulate internalization, the
Src-family kinase Lyn or treated with Src-family kinasemolecular machinery coordinating these two pro-
inhibitors fail to internalize their BCRs upon receptorcesses remains to be defined. Here we present a link
crosslinking (Dykstra et al., 2001; Ma et al., 2001). Inter-between the B cell signaling and internalization ma-
nalization and/or correct targeting of the BCR to thechinery and show that Src-family kinase activity is
MHC class II peptide-loading compartment is also dis-required for inducible clathrin heavy chain phosphory-
rupted in B cells expressing signaling-defective BCRslation, BCR colocalization with clathrin, and regulated
(Wagle et al., 2000). Finally, factors such as the differenti-internalization. An analysis of different B cell lines
ated state of the B cell or the expression of coreceptorsshows that BCR uptake occurs only when clathrin is
or viral proteins regulate BCR raft association and influ-associated with rafts and is tyrosine phosphorylated
ence internalization (Cherukuri et al., 2001). While therefollowing BCR crosslinking. We therefore propose that
is evidence implicating lipid rafts in the internalizationlipid rafts spatially organize signaling cascades with
of activated BCRs to the peptide-loading compartmentclathrin to regulate BCR internalization.
(Cheng et al., 1999), at present it is not known whether
BCRs are internalized directly from rafts or move later-Introduction
ally from rafts before endocytosis.
The observations that BCRs can be internalized by
The B lymphocyte immune response is initiated by bind-
clathrin and raft-dependent mechanisms may at first
ing of foreign antigen to the B cell antigen receptor glance appear paradoxical. This assumption arises from
(BCR). The BCR is a multisubunit protein complex com- the fact that the transferrin receptor (TfR), a prototypical
posed of a membrane form of immunoglobulin (mIg) that receptor internalized by clathrin-coated vesicles, never
is noncovalently associated with heterodimers of Ig localizes to lipid rafts (Xavier et al., 1998; Guo et al.,
and Ig (Hombach et al., 1990). While the mIg portion 2000; Lamaze et al., 2001). Moreover, cholesterol-rich
of the complex serves as the antigen binding subunit, coated microdomains termed caveolae, which are simi-
the Ig/Ig heterodimer (Ig/Ig) is responsible for the lar to lipid rafts but not present in lymphocytes due to
propagation of intracellular signals (Sanchez et al., lack of caveolin expression, are morphologically distinct
1993). Crosslinking the BCR by the binding of bivalent endocytic structures from clathrin-coated vesicles (Nich-
or multivalent antigen leads to both transmembrane sig- ols and Lippincott-Schwartz, 2001). This apparent para-
naling and antigen internalization for presentation, two dox may be resolved by the growing evidence that
processes that are required to mount an effective anti- mechanisms controlling cell signaling and endocytosis
body response. The work described here examines the are connected. Numerous proteins that regulate clathrin-
mechanisms that govern the intimate relationship be- mediated endocytosis function in signal transduction
tween receptor signaling and uptake. cascades (Di Fiore and De Camilli, 2001; McPherson
Transmembrane signaling through the BCR complex et al., 2001). In turn, a number of proteins involved in
trafficking are regulated by posttranslational modifica-
tions such as phosphorylation and ubiquitination (Wilde4 Correspondence: fmarbro@itsa.ucsf.edu
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and Brodsky, 1996; Slepnev et al., 1998; Wilde et al., treated with 1 or 10 g/ml F(ab)2 anti-hIgM, washed to
remove unbound antibody, and then incubated at 37C1999; Oved and Yarden, 2002). Thus, signaling pathways
impinge on the regulation of clathrin-coated vesicle for- for 0–40 min. To monitor internalization, the BCRs re-
maining on the cell surface were labeled with FITC-mation.
While there is growing evidence that signaling and conjugated anti-goat antibody and analyzed by flow cy-
tometry (Figure 2A). Although Daudi and Ramos cellstrafficking are coordinated, the molecular mechanisms
connecting BCR signaling to endocytosis need to be express similar levels of IgM on their cell surfaces (data
not shown), the kinetics of IgM internalization in re-clarified. Moreover, the spatial organization of BCRs
with respect to components of signaling and endocytic sponse to different amounts of crosslinking antibody
varied between the two cell lines. Interestingly in Daudipathways remains to be defined. Here we demonstrate
that BCR signaling cascades in rafts modify clathrin cells, which displayed little internalization in response
to 1 g/ml anti-IgM, the phosphorylation of clathrin didthrough Src-family kinase-dependent tyrosine phos-
phorylation. The crosstalk between signaling molecules not increase at the lower concentration of BCR cross-
linker (Figures 2B and 2C). However, increasing the con-and components of the transport machinery is further
supported by the constitutive association of clathrin centration of BCR crosslinking antibody to 10 g/ml
increased both BCR internalization and CHC phosphor-with lipid rafts. In addition, a panel of B cell lines, with
characteristic patterns of BCR internalization, reveal ylation. In contrast, Ramos cells underwent both BCR
internalization and CHC phosphorylation in response tothat inducible phosphorylation of clathrin associated
with lipid rafts correlates functionally with BCR uptake. the lower and higher amounts of receptor crosslinking.
Together these results indicate a positive correlationTogether these results suggest that receptor uptake
may be regulated not only by the interplay between between CHC phosphorylation and subsequent internal-
ization of BCRs.components of signaling and endocytic pathways but
also by their relative spatial organization in membrane
microdomains. Clathrin Phosphorylation and BCR Internalization
Require Src-Family Kinase Activity
We had previously shown that CHC is phosphorylatedResults
by c-Src kinase following epidermal growth factor (EGF)
receptor stimulation (Wilde et al., 1999). Moreover, tyro-Ligand-Induced Internalization of the BCR Correlates
with Clathrin Phosphorylation sine 1477, identified as the target site for CHC phosphor-
ylation, lies in a conserved region compatible with theNumerous observations suggest that BCR internaliza-
tion is modulated by signaling pathways. However, di- Src-family kinase consensus sequence (Songyang et
al., 1993). To determine whether Src-family kinases wererect evidence of crosstalk between signaling molecules
and components of the transport machinery in B cells also responsible for clathrin phosphorylation observed
following BCR activation, B cells were pretreated withis lacking. In nonimmune cells, a number of molecules
involved in ligand-induced internalization appear to be the Src-family kinase inhibitor PP1 and then stimulated
for 5 min by addition of F(ab)2 anti-hIgM. CHC tyrosineregulated by posttranslational modifications, including
phosphorylation of clathrin heavy chain (CHC) (Wilde et phosphorylation was significantly reduced in B cells pre-
treated with PP1 but not affected in cells treated withal., 1999). Therefore, we set out to determine whether the
BCR signal transduction cascade impinges on clathrin- H7, an inhibitor of serine and threonine kinases (Figure
3A). To confirm these results, clathrin phosphorylationmediated endocytosis through phosphorylation. To
mimic the binding of antigenic ligand, the IgM-positive in the Lyn-deficient DT40 B cell line was examined fol-
lowing BCR crosslinking. Compared to the parental line,B cell lines, Daudi and Ramos, were treated with 20 g/
ml F(ab)2 goat anti-human IgM (F(ab)2 anti-hIgM) at 4C clathrin phosphorylation was not observed in the ab-
sence of Lyn (Figure 3B). Since Lyn is the only Src-familyand then immediately incubated at 37C for 0–20 min
(Figure 1). Cells were lysed, CHC was immunoprecipi- kinase expressed by DT40 B cells (Ma et al., 2001), these
results show that Src-family kinase activity is requiredtated, and its phosphorylation state was assessed by
immunoblotting with a phosphotyrosine-specific anti- for inducible clathrin tyrosine phosphorylation. We also
confirmed that the Lyn-deficient DT40 B cells are defec-body. In comparison to untreated cells, cells exposed
to the anti-IgM showed a 3- to 4-fold increase in CHC tive in stimulated BCR uptake (data not shown) as pre-
viously reported (Ma et al., 2001). These results extendtyrosine phosphorylation after 5 min of warming fol-
lowed by a decrease in phosphorylation at 20 min. The our observation with receptor tyrosine kinases and show
that activation of the BCR, an immune recognition re-earliest BCR-mediated signaling event known to occur
is the phosphorylation and activation of Src-family tyro- ceptor with no endogenous kinase activity, can also lead
to Src-kinase-dependent tyrosine phosphorylation ofsine kinases. This leads to the recruitment and activation
of a variety of other signaling molecules (Reth and Wie- clathrin.
It has been previously reported that Src-family kinasenands, 1997). The kinetics of protein tyrosine phosphor-
ylation in cell lysates compared to CHC suggest that activity is required for the uptake of BCRs following
crosslinking (Dykstra et al., 2001; Ma et al., 2001). TheCHC is phosphorylated subsequent to the initial activa-
tion of the BCR complex (Figure 1). localization of clathrin relative to the BCR was assessed
in the presence of Src-family kinase inhibitors usingTo assess further the relationship between BCR sig-
naling and clathrin-mediated endocytosis, the kinetics confocal fluorescence microscopy in the mouse B cell
lymphoma CH27, which is amenable to morphologicof CHC phosphorylation was compared with the kinetics
of BCR internalization. Daudi and Ramos cells were analysis (Figure 3C). In the absence of crosslinking, the
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Figure 1. Crosslinking the BCR Induces
Clathrin Heavy Chain Phosphorylation
Daudi and Ramos cells were untreated () or
treated () with 20 g/ml F(ab)2 anti-hIgM
and immediately incubated at 37C for 0–20
min. Clathrin heavy chain (CHC) immunopre-
cipitated with the mAb X22 (IP:X22) or lysate
from 105 cell equivalents was resolved by
electrophoresis and immunoblotted for phos-
phoytrosine (pTyr) and CHC using the mAbs,
4G10 (above) and TD.1 (below). Blots were
stripped between exposure to different anti-
body probes. To normalize the degree of tyro-
sine phosphorylation relative to levels of CHC
immunoprecipitation, immunoblot images
were quantified using the NIH Image soft-
ware, and the ratio of 4G10/TD.1 signal was
plotted.
BCR was primarily located on the plasma membrane ily kinases, are also concentrated in these lipid rafts
(Cherukuri et al., 2001). To address whether tyrosineand showed no significant colocalization with clathrin.
However, crosslinking the BCR enhanced localization phosphorylation of clathrin following BCR crosslinking
takes place in rafts, the location of clathrin in B cellsof clathrin to the plasma membrane within 2 min (data
not shown) and resulted in a punctate staining of clathrin was first determined. Ramos cells, either treated with
antibody to crosslink the BCR or untreated, were lysedthat colocalized strongly with the BCR at 10 min (Figure
3C). In cells pretreated with the Src-family kinase inhibi- in 1% Triton X-100. The lysate was subjected to equilib-
rium sedimentation on a discontinuous sucrose densitytor PP2, a pyrazolopyrimidine closely related to PP1
(Hanke et al., 1996), the colocalization of clathrin with gradient, and fractions were collected (Figure 4A). Under
these conditions, the rafts, which are resistant to solubi-BCR was inhibited. In addition, punctate staining of the
BCR in the cell periphery was no longer observed, indi- lization in Triton X-100, localize to fractions 4–6, and the
solubilized proteins localize to fractions 10–12 (Chengcating an inhibition of BCR internalization. In CH27 cells
crosslinking the BCR also induced clathrin phosphoryla- et al., 1999). The presence of Lyn and absence of TfR
in fractions 4–6 confirmed the location of lipid rafts ontion (see below and Figure 5A), which was sensitive to
Src-kinase inhibitors (data not shown). These results the gradient and was the same as that previously char-
acterized (Figure 4A) (Cheng et al., 1999; Guo et al.,strengthen the hypothesis that clathrin phosphorylation
is involved in the formation and/or stabilization of coated 2000). Clathrin was observed to be constitutively pres-
ent in both the fractions containing soluble proteins andpits that accumulate receptors destined for internal-
ization. those containing raft-associated proteins. There was
relatively more clathrin in the soluble fractions, repre-
senting both cytoplasmic clathrin and clathrin associ-Phosphorylation of Clathrin Is Associated
with Lipid Rafts ated with detergent-soluble membrane fractions. Multi-
ple experiments showed that the level of clathrinCrosslinked BCRs have been shown to localize to deter-
gent-insoluble lipid microdomains in Ramos B cells and associated with rafts did not significantly change upon
BCR crosslinking.other B cell lines (Cheng et al., 1999; Petrie et al., 2000).
Molecules involved in BCR signaling, including Src-fam- Next, CHC phosphorylation in raft and nonraft mem-
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Figure 2. Correlation between CHC Phos-
phorylation and BCR Internalization
(A) Daudi and Ramos cells were treated with
1 or 10 g/ml F(ab)2 goat anti-hIgM at 4C
for 30 min, washed, and warmed for times
indicated at 37C. At the end of each time
point internalization was stopped by placing
cells at 4C and adding ice-cold PBS. Cells
were stained at 4C for 30 min with a FITC-
labeled anti-goat IgG Ab to detect IgMs re-
maining at the cell surface. The percent inter-
nalization represents the percent of cells no
longer expressing surface IgM by FACS anal-
ysis. The mean internalization from three in-
dependent experiments is shown.
(B) Daudi and Ramos cells were treated with
0, 1, 10 g/ml F(ab)2 anti-hIgM at 4C for 30
min, washed, and warmed for times indicated
at 37C. CHC phosphorylation was assessed
as described in Figure 1.
(C) Immunoblot images were quantified using
the NIH Image software, and the ratio of
4G10/TD.1 signal was plotted to normalize
the degree of tyrosine phosphorylation rela-
tive to levels of CHC immunoprecipitation.
brane microdomains was compared. For this analysis, from rafts. We hypothesize, however, that the rafts may
be initiators of signaling, as the kinetics of CHC phos-raft purification following Triton X-100 solubilization was
performed on membrane fractions (rather than whole- phorylation in rafts peaks and decreases with more rapid
kinetics than in nonraft membranes.cell lysates) isolated from stimulated and nonstimulated
cells. The object was to examine only membrane-asso-
ciated clathrin in the raft (fractions 4–5) and nonraft Access to Lipid Rafts Regulates the Link between
BCR Signaling and Internalization(fraction 12) domains (Figure 4B). While CHC was induci-
bly phosphorylated in both raft and nonraft membranes, BCR signaling magnitude and internalization rate appear
to be influenced by factors such as the developmentalquantification of phosphorylation relative to total amount
of CHC immunoprecipitated revealed that after 5 min of stage of the B cell and the expression of viral gene
products (Cherukuri et al., 2001). Unlike mature B cells,BCR stimulation CHC was phosphorylated to a greater
extent in lipid rafts. Taken together, these results indi- crosslinking the BCR of immature B cells does not result
in its translocation to lipid rafts or its accelerated inter-cate that clathrin is constitutively associated with lipid
rafts wherein it is efficiently tyrosine phosphorylated nalization (Sproul et al., 2000; Chung et al., 2001). In
these cells, signaling, as measured by protein tyrosineupon BCR signaling. While clathrin associated with de-
tergent-soluble membranes also undergoes inducible phosphorylation, occurs outside raft domains and leads
to apoptosis rather than activation. To further explorephosphorylation, it is not possible to determine whether
phosphorylation took place outside rafts or was initiated the relation between BCR signaling in rafts and clathrin-
mediated internalization, clathrin phosphorylation in re-in lipid rafts followed by dissociation of phospho-clathrin
BCR Endocytosis and Clathrin Phosphorylation
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Figure 3. CHC Tyrosine Phosphorylation Re-
quires Src-Family Kinase Activity
(A) Ramos and Daudi cells were pretreated
at 37C with 1% DMSO or different concen-
trations of PP1 (Src-family kinase inhibitor)
for 15 min or H7 (serine/threonine kinase in-
hibitor) for 30 min. Ramos and Daudi were
then stimulated with 1 or 10 g/ml of F(ab)2
anti-hIgM, respectively, for 5 min. CHC phos-
phorylation was assessed as in Figure 1.
(B) DT40 cells were incubated on ice with 5
g/ml anti-chicken IgM, washed, and incu-
bated with F(ab)2 goat anti-mouse IgG to
crosslink the BCR. Cells were incubated at
37C, lysed at the times indicated, and
clathrin phosphorylation was assessed as
described above.
(C) Confocal images of a middle CH27 cell sec-
tion showing the localization of the BCR (green)
and clathrin (red) in the absence and pres-
ence of BCR crosslinking for 10 min at 37C.
In the right panel, B cells were pretreated with
PP2 prior to crosslinking. Bar, 10 m.
sponse to BCR crosslinking was compared between the virus latent membrane protein 2A (LMP2A). Wild-type
LMP2A (wt-LMP2A) resides in lipid rafts, associates withmature and immature B cell lines, CH27 and WEHI-231,
respectively (Figure 5A). Although WEHI-231 cells do Lyn, excludes the BCR from entering rafts, and blocks
BCR signaling and accelerated internalization (Miller etnot undergo accelerated internalization, clathrin was in-
ducibly phosphorylated. Interestingly, however, clathrin al., 1995; Dykstra et al., 2001). A mutation of tyrosine
Y112 within the cytoplasmic domain of LMP2A (mt-heavy chain did not localize to lipid rafts in WEHI-231
as observed for CH27 (Figure 5B) and all other B cell LMP2A) prevents its binding to Lyn and restores BCR
signaling and raft translocation (Fruehling et al., 1998;lines tested (Table 1). We were unable to immunoprecipi-
tate the minute amounts of clathrin associated with Dykstra et al., 2001). While expression of the mt-LMP2A
inhibits accelerated BCR internalization, there is still anWEHI-231rafts to directly assess CHC phosphorylation
(data not shown). However, given the trace amounts of increase in the degraded pool of BCRs, suggesting that
some internalization occurs in response to crosslinking.clathrin (Figure 5B) and the absence of inducible protein
tyrosine phosphorylation in WEHI-231 rafts (Sproul et The state of clathrin phosphorylation following BCR
crosslinking in cells expressing LMP2A was examinedal., 2000), CHC phosphorylation likely takes place out-
side raft domains in these cells. Together these data to establish the role of BCR raft localization and Src-
family kinase activation in this process (Figure 5C). Insuggest that clathrin phosphorylation outside lipid rafts
is not sufficient for accelerated BCR internalization. LMP2A ES1 cells, the pattern of CHC phosphorylation
in response to signaling was similar to that already ob-Insight into the relation between rafts and clathrin is
further provided by the expression of the Epstein Barr served for Ramos and Daudi, neither of which express
Immunity
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Figure 4. BCR Crosslinking Triggers Phos-
phorylation of Raft-Associated Clathrin
(A) Ramos cells were untreated or treated
with 20 g/ml of F(ab)2 goat anti-human IgM
for 0, 5, or 10 min at 37C, and lysed at 4C
in 1% Triton X-100 in TNE with phosphatase
inhibitors, and the lysates were subjected to
discontinuous sucrose gradient centrifuga-
tion. Fractions 4–6, previously determined to
correspond to the membrane raft fraction,
and soluble fractions 10–12 were subjected
to 8% SDS-PAGE and immunoblotted for
CHC (TD.1), Lyn (rabbit antiserum), and TfR
(H68.4).
(B) Ramos cell membranes were isolated by
centrifugation, then solubilized in Triton
X-100. Nonraft membranes (fraction 12) and
raft membranes (pooled fractions 4–5) were
separated by sucrose gradient centrifuga-
tion. It was confirmed by blotting for Lyn and
TfR that this raft separation was the same as
shown in (A) (data not shown). Both mem-
brane fractions were then further solubilized
with 40 mM N-octylglucoside and 0.02% sa-
ponin. The degree of tyrosine phosphoryla-
tion relative to levels of immunoprecipitated
CHC was assessed as described in Figure 1.
The arrow to the left of the pTyr blot indicates
CHC.
LMP2A (Figure 5D). In 721.114 cells expressing wt- Kilsdonk et al., 1995). Preincubation of B cells with MCD
or nystatin reduced inducible clathrin phosphorylationLMP2A, crosslinking the BCR did not result in an in-
crease in CHC phosphorylation, and CHC was constitu- at 5 min by 2-fold (1.8  0.07) and 3-fold (2.8  0.26),
respectively (Figure 6A). The2-fold decrease in induc-tively phosphorylated even in unstimulated cells. In Y112
cells expressing mt-LMP2A, in which BCR raft translo- ible phosphorylation following MCD treatment is consis-
tent with the incomplete disruption of rafts (Figure 6B).cation is restored, clathrin was inducibly phosphoryl-
ated, although to a lesser extent than LMP2A cells. While treatment with MCD resulted in the apparent loss
of clathrin from rafts, Lyn was observed only in the lessThis demonstrates that when Src-family kinases are free
to interact with the BCR in rafts, inducible clathrin phos- dense raft fraction (fraction 4), suggesting that smaller
raft domains persisted. Pretreatment of cells with nys-phorylation in response to BCR crosslinking is restored,
and the degree correlates with levels of internalization. tatin did not prevent detection of CHC and Lyn in low-
density raft fractions (data not shown). However, nys-Together these studies of WEHI-231 and LMP2A cells
suggest that functional BCR uptake relies on crosstalk tatin does not extract cholesterol but rather inserts into
the membrane, sequesters cholesterol in situ, and dis-between signaling and internalization components within
the compartmentalization provided by raft domains. rupts raft signaling by inducing structural disorder
(Rothberg et al., 1992; Xavier et al., 1998), thus account-Spatial segregation of any of these elements disrupts
function. ing for the reduction in inducible CHC phosphorylation.
Treatment of B cells with MCD or nystatin did not affect
BCR surface expression; however, it did inhibit BCRA Disruption in Raft Structure Inhibits Clathrin
internalization as determined by flow cytometric analy-Phosphorylation and BCR Internalization
sis. In control, 60% of cells remained BCR positiveTo determine whether membrane rafts are required for
40 min after crosslinking. In MCD and nystatin-treatedBCR-induced clathrin phosphorylation, B cells were
cells, 	90% of cells remained BCR positive, indicatingtreated with raft-disrupting reagents. Since lipid rafts
that internalization is inhibited (Figure 6C). Incubation ofare cholesterol-dependent microdomains, the integrity
treated cells in cholesterol-containing medium reversedof rafts can be disrupted by methyl--cyclodextrin
the effects of the raft-disrupting reagents (Figures 6A–(MCD) or nystatin, reagents that selectively extract or
bind to cholesterol, respectively (Rothberg et al., 1992; 6C). These results indicate that the integrity of raft micro-
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Figure 5. Access to Lipid Rafts Regulates
CHC Phosphorylation and BCR Internal-
ization
(A and C) CH27 or WEHI-231 were treated
with nonspecific goat F(ab)2 or with F(ab)2
goat anti-mouse IgG and IgM for 0–20 min at
37C. LMP2A/ cell lines were treated with
nonspecific rabbit F(ab)2 or F(ab)2 rabbit
anti-human IgA, IgG, and IgM for 0–20 min at
37C. Clathrin was immunoprecipitated from
cell lysates and immunoblotted for phos-
phoytrosine and CHC as described in Figure
1. The control lane “IC” indicates immunopre-
cipitation with a mouse IgG1 isotype control.
(B) WEHI-231 (W) or CH27 (C) cells were un-
stimulated or stimulated for 5 min with anti-
Ig and subjected to sucrose gradient ul-
tracentrifugation. Pooled fractions 4–5 and
fraction 12 were resolved by gel electropho-
resis and immunoblotted for CHC (TD.1) and
Lyn (rabbit antiserum).
(D) Triton X-100 lysates of 3 
 106 cells were
separated by 8% SDS-PAGE and immu-
noblotted with the anti-LMP2A antibody,
14B7. The arrowhead indicates the position
of LMP2A protein.
domains is required for CHC phosphorylation upon BCR downregulation but also for transport of bound antigen
into the cell for subsequent processing and presenta-stimulation and for BCR internalization.
tion. The response of B cells to stimulation by antigen
differs depending on the developmental stage, engage-Discussion
ment of coreceptors, or expression of viral proteins
(Cherukuri et al., 2001). These factors influence both theA major function of the mature B cell is the internalization
association of BCR with rafts and its internalization rate,of specific antigen through the BCR. In B lymphocytes,
the internalization of receptors is important not only for suggesting that lipid rafts have a role in antigen internal-
Table 1. Comparison of Clathrin Heavy Chain Phosphorylation, Lipid Raft Localization, and BCR Internalization in the Panel of B Cell Lines
Examined
B Cell Line Inducible CHC Tyr Phosphorylation CHC in Rafts Accelerated BCR Internalization
RAMOS,a DAUDI,b ES1,c CH27,d DT40e   
WEHI-231d   
721.114,c DT40 Lyne Nystatin treatmentf   
MCD treatmentf   
a Figures 1, 2A, and 4A.
b Figures 1 and 2A, and data not shown.
c Figure 5C, Dykstra et al. (2001), and data not shown.
d Figures 5A and 5B, and Sproul et al. (2000).




Figure 6. Effects of Methyl--Cyclodextrin and Nystatin on Inducible CHC Phosphorylation and BCR Internalization
Ramos B cells were treated at 37C with 10 mM methyl--cyclodextrin (MCD) in RPMI 1640 for 10 min or with 50 g/ml nystatin in methanol
for 30 min. Similar treatments with RPMI 1640 or methanol were performed as controls. To recover raft structure, half the MCD- or nystatin-
treated cells were washed and incubated in RPMI medium (supplemented with 500 g/ml water-soluble cholesterol for MCD treatment) at
37C for 3–4 hr (Recovery). Treatments had no effect on cell viability.
(A) Ramos cells were untreated () or treated () with 20 g/ml F(ab)2 anti-hIgM for the indicated times, and CHC phosphorylation was
assessed as described in Figure 1.
(B) MCD-treated cell lysates were subjected to discontinuous sucrose gradient centrifugation. Fractions 4, 5, 11, and 12 were resolved by
gel electrophoresis and immunoblotted for CHC (TD.1) and Lyn (rabbit antiserum).
(C) Twenty g/ml F(ab)2 anti-hIgM was added to MCD- or nystatin-treated, or control cells at 4C for 30 min, washed, and warmed for 0 or
40 min at 37C. BCRs remaining on the cell surface were stained with a FITC-labeled anti-goat IgG Ab and analyzed by flow cytometry. Thick
and thin lines represent BCR expression at 0 and 40 min, respectively. FL1-H, fluorescence intensity; Counts, relative cell number. Percent
BCR at 40 min: RPMI, 55.14%  3.01; MCD, 94.82%  2.30; Methanol, 65.75%  2.1; Nystatin, 91.99%  2.04.
ization as well as signaling. In support of this idea, stimu- ized (Cheng et al., 1999). From this data it is not known
whether the BCR internalizes directly from rafts orlated BCR that remains associated with a ganglioside
component of rafts (GM1) has been shown to be internal- whether the BCR in association with a portion of the
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raft moves laterally in the membrane and is internalized raft structure with cholesterol-sequestering drugs also
interfered with BCR uptake. While both MCD and nys-by a raft-independent mechanism. In this report, we
show that the well-characterized trafficking molecule tatin inhibited BCR internalization, their modes of action
are different. When cholesterol is depleted with MCD,clathrin communicates with BCR-initiated signaling in
lipid rafts to regulate the internalization of the BCR. not only are raft structures disrupted but clathrin lattices
become flat and the proportion of deeply invaginatedNumerous observations have suggested that signal-
ing pathways regulate BCR internalization (Pierce, pits is reduced (Rodal et al., 1999). Therefore, an inhibi-
tion in BCR internalization could reflect either a disrup-2002). Here we present a direct link between the signal-
ing and endocytic machinery and show that Src-family tion in raft or clathrin lattice structure. Unlike MCD, nys-
tatin is reported to exhibit no effect on clathrin-coatedkinase activity is required for inducible clathrin phos-
phorylation following BCR crosslinking. We have pre- pits and TfR uptake (Rothberg et al., 1992; Deckert et
al., 1996). We have confirmed that MCD but not nystatinviously shown that tyrosine phosphorylation of CHC oc-
curs in a domain predicted to bind clathrin light chain inhibits TfR uptake in Ramos B cells (data not shown).
Therefore, results with nystatin suggest that lipid raftand control assembly (Wilde et al., 1999). Moreover,
phosphorylation can regulate the interaction of clathrin integrity is a prerequisite for BCR internalization. Thus,
the collective observations presented in Table 1 lead towith endocytic proteins (Wilde and Brodsky, 1996; Slep-
nev et al., 1998). Thus, CHC tyrosine phosphorylation the conclusion that BCR uptake relies on a crosstalk
between signaling and internalization componentsmay regulate the initiation of clathrin assembly or the
transition of a clathrin-coated pit to a vesicle. within raft domains and that spatial segregation of any
of these elements disrupts function.The results presented here also show that raft-inde-
pendent (clathrin-mediated) and raft-dependent path- Our conclusions suggest that there is not always a
strict segregation of clathrin-dependent and raft-depen-ways of BCR internalization may not be as inseparable
as previously thought. Rather, lipid rafts can act as plat- dent pathways of endocytosis. Certainly for some toxins
and transferrin there is a clear segregation into caveolaeforms that spatially unite the signaling machinery with
clathrin to regulate BCR internalization. Table 1 summa- and clathrin-coated vesicles, respectively (Nichols and
Lippincott-Schwartz, 2001). In addition, there is evi-rizes our analysis of different B cell lines and shows that
a functional B cell response occurs only when clathrin dence that some pathways of raft- and clathrin-medi-
ated uptake can be distinguished (Lamaze et al., 2001).is associated with rafts and CHC is phosphorylated as
a result of BCR signaling. For example, in DT40 Lyn However, there is also prior evidence for crosstalk be-
tween these two pathways. Precedence for the associa-cells, clathrin is associated with lipid rafts (data not
shown); however, CHC is not inducibly phosphorylated. tion of clathrin with rafts is provided by electron micros-
copy studies which have revealed that clathrin-coatedSince BCR internalization is inhibited in Lyn cells (data
not shown; Ma et al., 2001), clathrin’s presence in lipid pits occasionally connect to the edges of GM1-con-
taining caveolae and FcRI-positive raft domains (Par-rafts in the absence of tyrosine phosphorylation was
insufficient for BCR internalization. Similarly, CHC phos- ton, 1994; Wilson et al., 2000). There are also several
examples of receptors, such as EGF receptor, the highphorylation outside rafts in WEHI-231 cells was not suffi-
cient for BCR internalization. While we have shown that affinity receptor for IgE (FcRI), BCR, and probably TCR,
which initiate signaling within rafts but are internalizedSrc kinase activity is required for CHC phosphorylation,
the signals that tether CHC to rafts remains to be deter- via a clathrin-dependent pathway (Salisbury et al., 1980;
Boll et al., 1995; Santini and Keen, 1996; Brown andmined. The clathrin-associated adaptors AP-2 and AP-
180, which have been shown to bind phosphatidyl inosi- London, 1998; Xavier et al., 1998; Cheng et al., 1999;
Mineo et al., 1999). This indicates that there are mecha-tol polyphosphates, may provide the necessary link to
raft domains (Brodsky et al., 2001; Ford et al., 2001). We nisms linking receptor signaling in lipid raft domains with
the subsequent formation of clathrin-coated vesicleshave detected AP-2 associated with B cell rafts (data
not shown). for internalization. We suggest that this represents a
pathway of internalization from rafts that operates inThe disruption of lipid raft organization, resulting ei-
ther from LMP2A expression or reagents that sequester addition to previously demonstrated clathrin-indepen-
dent mechanisms.cholesterol, provided further insight into the mecha-
nisms underlying BCR internalization. The constitutive We propose two models that integrate signaling in
lipid rafts with clathrin-dependent endocytosis, compat-presence of LMP2A in rafts disrupts normal membrane
organization, such that BCR raft translocation, internal- ible with the results presented here and with existing
morphological data (Parton, 1994; Wilson et al., 2000).ization, and degradation does not occur (Dykstra et al.,
2001). In these cells constitutive CHC phosphorylation In the first model, clathrin triskelia that have not yet
formed into a polyhedral lattice associate with rafts.is not favorable for BCR uptake, presumably due to the
absence of BCR translocation to rafts. However, when Immediately upon crosslinking, BCRs translocate to
rafts and initiate downstream signaling cascades re-mutant Y112-LMP2A is expressed, raft translocation
and BCR degradation is restored while accelerated in- sulting in activation of Src-family kinases like Lyn. Sub-
sequently, Lyn-mediated tyrosine phosphorylation ofternalization is blocked. The observation that inducible
clathrin phosphorylation occurred in Y112-LMP2A but clathrin within rafts could initiate clathrin assembly at
the edges of the signaling microdomains and result innot LMP2A-expressing B cells raises the possibility that
CHC phosphorylation may be sufficient for transfer of clathrin-mediated uptake of the BCRs. In the second
model, clathrin identified in low-density insoluble frac-receptors to lysosomes for degradation but not for ac-
celerated transport of antigen to the MHC class II pep- tions represents preexisting clathrin-coated pits encir-
cling rafts. This possibility is suggested by studies oftide loading compartment. The reversible disruption of
Immunity
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HEPES, and 50 M -ME. EBV-infected LMP2A human lymph-the FcR indicating that detergent insolubility does not
oblastoid cell line (LCL) 721.114 (DeMars et al., 1983) and murinedistinguish whether a raft-associated protein interca-
B cell lymphoma cells CH27 (Haughton et al., 1986) and WEHI-231lates in or surrounds a raft (Wilson et al., 2000). In this
(American Type Culture Collection, Manassas, VA) were maintained
model, when crosslinking the BCR leads to its raft trans- in supplemented DME (Jelachich et al., 1984) with 15% FCS. EBV-
location and Lyn activation, ensuing clathrin phos- infected LMP2A LCL ES1 (Miller et al., 1995) and LCL Y112 (Frueh-
ling et al., 1998) expressing LMP2A carrying a Y112F mutation werephorylation might stabilize preformed coated pits, po-
maintained in RPMI 1640 supplemented as above.tentially by delaying interactions with endocytic proteins
F(ab)2 fragments of goat anti-human IgM; F(ab)2 fragments ofrequired for the coated pit to vesicle transition. This
rabbit anti-human IgA, G, and M; nonspecific goat and rabbit F(ab)2delay would allow for the accumulation of BCRs into
fragments; FITC-conjugated mouse antibodies (Abs) specific for
coated pits and thus explain the disappearance of BCRs goat IgG; F(ab)2 fragments of goat anti-mouse IgM and IgG; and Fab
from rafts after stimulation. Notably, this model differs fragments of goat anti-mouse IgM antibody and its FITC counterpart
were from Jackson Immunoresearch Laboratories (West Grove, PA).from the first model in that CHC phosphorylation is a
Mouse anti-chicken IgM (M-4) was from Southern Biotechnologynegative regulator of clathrin-coated vesicle budding
(Birmingham, AL). Rabbit polyclonal antiserum specific for humanrather than a positive one. Our data do not distinguish
Lyn was from Upstate Biotechnology (Lake Placid, NY). Mouse anti-between these models at this time. Furthermore, in both
human TfR Ab was from Zymed Laboratories (South San Francisco,
models lipid raft domains may or may not be incorpo- CA). Mouse monoclonal antibodies (mAb) specific for CHC were
rated into clathrin-coated vesicles alongside BCRs. X22 (Brodsky, 1985) and TD.1 (Na¨thke et al., 1992). The mouse mAb
4G10 specific for phosphotyrosines and polyclonal rabbit serumThese models provide a useful framework to resolve the
specific for murine Lyn were from Dr. A. DeFranco. In Figure 5relationship between rafts, CHC phosphorylation, and
phosphotyrosine-specific mAb PY20 directly conjugated to horse-BCR internalization.
radish peroxidase was from BD Transduction Laboratories (SanA final issue raised by our study is the functional signif-
Diego, CA). The rat mAb 14B7 specific for LMP2A was obtained
icance of lipid raft-regulated BCR internalization. It is from Dr. R. Longnecker. For immunoblotting, polyclonal secondary
notable that during B and T cell maturation, the localiza- Abs conjugated to horseradish peroxidase were from Zymed Labo-
ratories or Jackson Immunoresearch Laboratories. Src kinase inhibi-tion of immune receptors with respect to rafts changes
tors PP1 and PP2 were from Biomol (Plymouth Meeting, PA) and(Pierce, 2002). In B cells the appearance of clathrin in
Calbiochem (San Diego, CA), respectively, and a 10 mM stock solu-rafts also seems to depend on the developmental stage
tion was prepared in DMSO. Methyl--cyclodextrin (MCD) and wa-(Figure 5B). This suggests that the ability of rafts to
ter-soluble cholesterol (cholesterol:MCD complexes) (Sigma) were
spatially unite signaling and endocytic components with dissolved in RPMI 1640. Nystatin (Sigma) (3 mg/ml) was prepared
immune receptors emerges only at a stage of develop- in methanol.
ment when antigen processing is required. The immuno-
logical synapse is an organizing structure that incorpo- Immunoprecipitation and Western Blotting
Cells were lysed in buffer containing 1% Triton X-100, 500 mM Tris-rates lipid rafts and is thought to regulate immune cell
HCl (pH 7.4), 20 mM EDTA, 10 mM NaF, 30 mM sodium pyro-responses (Pierce, 2002). Described first at the contact
phosphate decahydrate, 2 mM benzamidine, 1 mM sodium ortho-site between T cell and antigen-presenting cell, syn-
vanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF), and proteaseapses are three-dimensional arrangements of receptors,
inhibitors (10 g/ml pepstatin, aprotinin, and leupeptin or 5 g/ml
and adhesion and signaling molecules. In T cells it has chymostatin, leupeptin, antipain, and pepstatin A) on ice for 30 min
been proposed that the synapse may be involved not (107 cells/ml). For CHC immunoprecipitation, protein G-Sepharose
(Amersham Pharmacia Biotech) precleared lysates or solublizedonly in sustained cell signaling but also polarized secre-
fractions were incubated with X22 mAb at 4 g/ml for 1 hr at 4Ction and TCR endocytosis for downregulation (Lee et
then precipitated with protein G for 1 hr at 4C. Precipitated proteinsal., 2002). More recently, the formation of a B cell syn-
were resolved on a 8% SDS-PAGE or NuPage gradient gel, trans-apse was observed following interaction of B cells with
ferred onto Millipore Immobilon PVDF (polyvinylidene difluoride)
antigens immobilized on the surface of target cells (Ba- membrane, and immunoblotted using Abs specific for phosphotyro-
tista et al., 2001). In addition to the polarization of signal- sine (4G10 or PY20), CHC (TD.1), Lyn (rabbit antiserum), or TfR
(H68.4) followed by incubation with secondary peroxidase-conju-ing and raft components, the BCR was shown to be
gated Abs specific for primary Ab. Blots were visualized with en-internalized from the synapse along with membrane an-
hanced chemiluminescence (ECL; Amersham Pharmacia Biotech).tigen from the target cell (Batista et al., 2001). It has
All experiments were repeated at least three times. For quantifica-been argued that the physical nature of the antigen inter-
tion of band intensities, autoradiographs were scanned and ana-
nalization process at the B cell synapse may be involved lyzed using NIH Image software. Error bars represent the standard
in testing the affinity of antibody-antigen interactions error of the mean relative to phosphorylation.
(Dustin and Dustin, 2001). Thus, deciphering the rela-
tionship between lipid rafts, clathrin, and synapses will Immunofluorescence Microscopy and Flow Cytometric Analysis
B cells were incubated with FITC-conjugated Fab fragments of goat-help define the internalization mechanisms driving anti-
anti-mouse IgM ( chain-specific) in the presence (XL) or absencegen presentation and affinity maturation of the humoral
(XL) of F(ab)2 fragments of goat anti-mouse IgG and IgM (heavyimmune response. In addition, these relationships are
and light chain-specific) (20g/ml) at 4C for 40 min. The crosslinkinglikely to govern TCR-antigen responses at the T cell
F(ab)2 does not block binding of the Fab fragments to the BCR.synapse. Then the cells were washed and incubated at 37C for 10 min. Where
indicated, B cells were pretreated with PP2 (100 M) at 37C for 15
min before the ligand binding, and PP2 was included in the ligandExperimental Procedures
binding and chase media. After the chase, the cells were fixed by
incubating them with 4% paraformaldehyde for 20 min and perme-Cell Lines, Antibodies, and Reagents
Burkitt’s lymphoma human B cell lines, Ramos and Daudi (American abilized with 0.05% saponin for 15 min. The cells were stained with
clathrin-specific mAb X22 and a TRITC-conjugated goat anti-mouseType Culture Collection, Manassas, VA), were maintained in RPMI
1640 medium with 10% FCS. DT40 chicken B cell lines were main- IgG1 secondary antibody that specifically bound only X22. The cells
were then mounted with Gel/Mount (Biomeda, Foster City, CA).tained in RPMI 1640 with 10% FCS, 5% chicken serum, 10 mM
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461
Imaging was carried out on a scanning laser confocal microscope cell antigen receptor in mature and immature B cells into glycosphin-
golipid-enriched domains. J. Immunol. 166, 736–740.(Zeiss LSM 510) using a 100
 oil immersion objective. Flow cytome-
try was performed on a FACScan, and the data were analyzed with Deckert, M., Ticchioni, M., and Bernard, A. (1996). Endocytosis of
CellQuest software (BD Bioscience). Cells were stained as described GPI-anchored proteins in human lymphocytes: role of glycolipid-
in the figure legends. based domains, actin cytoskeleton, and protein kinases. J. Cell Biol.
133, 791–799.
Subcellular Fractionation DeMars, R., Chang, C., and Rudersdorf, R. (1983). Dissection of the
Lipid rafts were isolated by lysis of cells in Triton X-100 and flotation D-region of the human major histocompatibility complex by means
on sucrose density gradients as previously described (Cheng et al., of induced mutations in a lymphoblastoid cell line. Hum. Immunol.
1999). In brief, 108 B cells were incubated for 30 min on ice in 1%
8, 123–139.
Triton X-100 in TNE (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 5
Di Fiore, P.P., and De Camilli, P. (2001). Endocytosis and signaling.mM EDTA) with protease inhibitors (1 mM PMSF, 10 g/ml aprotinin,
an inseparable partnership. Cell 106, 1–4.leupeptin, and pepstatin A in DMSO) and phosphatase inhibitors (2
Dustin, M.L., and Dustin, L.B. (2001). The immunological relay race:mM Na3VO4 and 10 mM NaF) (designated hereafter as TNE-P). Ly-
B cells take antigen by synapse. Nat. Immunol. 2, 480–482.sates were homogenized and centrifuged at 900
 g for 10 min to
remove nuclei and cellular debris. Cleared supernatants were diluted Dykstra, M.L., Longnecker, R., and Pierce, S.K. (2001). Epstein-Barr
1:1 with 1 ml 85% sucrose in TNE-P and layered at the bottom of virus coopts lipid rafts to block the signaling and antigen transport
a Beckman 14 
 89 mm centrifuge tube. The lysate was overlaid functions of the BCR. Immunity 14, 57–67.
with 6 ml 35% sucrose in TNE-P and 4 ml 5% sucrose in TNE-P. Ford, M.G., Pearse, B.M., Higgins, M.K., Vallis, Y., Owen, D.J., Gib-
Gradients were centrifuged at 200,000
 g in an SW41 rotor for son, A., Hopkins, C.R., Evans, P.R., and McMahon, H.T. (2001).
16–20 hr at 4C, and twelve 1 ml fractions were collected from the Simultaneous binding of PtdIns(4,5)P2 and clathrin by AP180 in the
top of the gradient. To equalize protein concentrations, one-sixth nucleation of clathrin lattices on membranes. Science 291, 1051–
of the volume of fractions 10–12 was loaded as compared to frac- 1055.
tions 4–6.
Fruehling, S., Swart, R., Dolwick, K.E., Kremmer, E., and Longnecker,For analysis of phosphorylated clathrin, lipid rafts were extracted
R. (1998). Tyrosine 112 of latent membrane protein 2A is essentialfrom B cell membranes. To isolate membranes, cells were incubated
for protein tyrosine kinase loading and regulation of Epstein-Barr30 min at 4C in 2 ml hypotonic buffer (42 mM KCl, 10 mM HEPES
virus latency. J. Virol. 72, 7796–7806.[pH7.4], 5 mM MgCl2). Cells were homogenized by three rounds of
Guagliardi, L.E., Koppelman, B., Blum, J.S., Marks, M.S., Cresswell,freeze-thawing and centrifuged at 250
 g for 10 min to remove
P., and Brodsky, F.M. (1990). Co-localization of molecules involvednuclei and intact cells. The supernatant was centrifuged at 150,000

in antigen processing in an early endocytic compartment. Natureg for 30 min at 4C to separate cytoplasm from the membrane
343, 133–139.fraction. The membrane fraction was lysed in TNE-P for 30 min on
ice, and gradient centrifugation was performed as described above. Guo, B., Kato, R.M., Garcia-Lloret, M., Wahl, M.I., and Rawlings,
D.J. (2000). Engagement of the human pre-B cell receptor generates
Acknowledgments a lipid raft-dependent calcium signaling complex. Immunity 13,
243–253.
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